Select members of the bovine pancreatic ribonuclease A (RNase A) superfamily are potent cytotoxins. These cytotoxic ribonucleases enter the cytosol, where they degrade cellular RNA and cause cell death. Ribonuclease inhibitor (RI), a cytosolic protein, binds to members of the RNase A superfamily with inhibition constants that span 10 orders of magnitude. Here, we show that the affinity of a ribonuclease for RI plays an integral role in defining the potency of a cytotoxic ribonuclease. RNase A is not cytotoxic and binds RI with high affinity. Onconase, a cytotoxic RNase A homolog, binds RI with low affinity. To disrupt the RI-RNase A interaction, three RNase A residues (Asp-38, Gly-88, and Ala-109) that form multiple contacts with RI were replaced with arginine. Replacing Asp-38 and Ala-109 with an arginine residue has no effect on the RI-RNase interaction. In addition, these variants are not cytotoxic. In contrast, replacing Gly-88 with an arginine residue yields a ribonuclease (G88R RNase A) that retains catalytic activity in the presence of RI and is cytotoxic to a transformed cell line. Replacing Gly-88 with aspartate also yields a ribonuclease (G88D RNase A) with a decreased affinity for RI and cytotoxic activity. The cytotoxic potency of onconase, G88R RNase A, and G88D RNase A correlate with RI evasion. We conclude that ribonucleases that retain catalytic activity in the presence of RI are cytotoxins. This finding portends the development of a class of chemotherapeutic agents based on pancreatic ribonucleases.
Bovine pancreatic ribonuclease A (RNase A; EC 3.1.27.5) catalyzes the cleavage of RNA (1) . Select homologs of RNase A use this activity to effect diverse biological phenomena. Angiogenin (ANG) promotes the growth of new blood vessels (2) . Bovine seminal ribonuclease (BS-RNase) displays immunosuppressive, embryotoxic, aspermatogenic, and antitumor activities (3). Onconase (ONC), a ribonuclease from the oocytes and early embryos of the Northern leopard frog (Rana pipiens), is a potent toxin to several transformed cell lines (4) . Significantly, the biological activities of ANG, BS-RNase, and ONC depend on their ribonucleolytic activity. Though an efficient catalyst of RNA cleavage, RNase A does not display any pronounced biological action.
Members of the RNase A superfamily have divergent amino acid sequences but similar tertiary structures. The amino acid sequences of BS-RNase A and RNase A, which are from the same species, are 80% identical (5) . ONC and human ANG, however, share only 30% and 33% amino acid identity, respectively, with RNase A (6, 7) . The majority of nonconserved residues are in surface loops, which appear to play a significant role in the special biological activities of ANG, BS-RNase, and ONC (8, 9) . The three-dimensional structure of the pancreatic-type ribonucleases is comprised of a central four-stranded antiparallel ␤-sheet, flanked by two ␣-helices. The active site is located in a cleft defined by a third N-terminal ␣-helix and one edge of the ␤-sheet. This structure is stabilized by three or four disulfide bonds.
Ribonuclease inhibitor (RI) is a 50-kDa protein that constitutes Ϸ0.01% of the cytosolic protein in mammalian cells (10) (11) (12) . Mammalian RIs are highly conserved. For example, porcine RI (pRI) and human RI (hRI) share 77% amino acid sequence identity, with no insertions or deletions except for a four-residue extension on the N terminus of hRI. Both inhibitors contain 15 leucine-rich, ␤-␣ repeat units arranged symmetrically in a horseshoe. The ␤-strands form a solvent-exposed ␤-sheet that defines the inner circumference of RI. The ␣-helices define the outer surface of the inhibitor (13) . RI forms a 1:1, noncovalent complex with target ribonucleases, including RNase A (14, 15) and ANG (14) . Values of the inhibition constant (K i ) are in the fM range. The unusually low K i values are a consequence of an association rate constant (k on ) close to the diffusion limit and a dissociation rate constant (k off ) near 10 Ϫ7 ⅐s Ϫ1 (14) (15) (16) . Atomic details of RI-ribonuclease interactions are apparent from the three-dimensional structures of the crystalline pRI⅐RNase A and hRI⅐ANG complexes (17) (18) (19) . To a first approximation, the two structures are similar. In both, one-third of the ribonuclease rests within the RI horseshoe and the remainder extends out of the plane defined by the inhibitor (Fig.  1A ). This arrangement centers each enzyme's active site on the C terminus of the inhibitor. The intermolecular contacts in the RI⅐ribonuclease complexes differ significantly, but this heterogenety is caused largely by the low sequence identity between RNase A and ANG.
The inhibitory activity of RI is manifested in the cytosol. This location provides the reducing environment that is necessary to maintain RI activity. Mammalian RIs contain 30 or 32 reduced cysteine residues (22) . Oxidation of a single cysteine residue causes rapid oxidation of the remaining cysteine residues and consequent inactivation of RI (23) . All known RI ligands, including RNase A, are secreted ribonucleases. This observation and the cytosolic localization of RI supports the hypothesis that the inhibitor functions to preserve the integrity of cellular RNA should a secretory ribonuclease reach the cytosol (11, 24) .
The protection offered to cells by RI is limited. The cytotoxic activities of BS-RNase and ONC appear to be a consequence of their abilities to escape inactivation by RI. BS-RNase is isolated as a homodimer, covalently linked by two disulfide bonds. As a dimer, BS-RNase is not inhibited by RI and is cytotoxic. RI becomes a potent inhibitor when BS-RNase is reduced to its monomeric form (8, (25) (26) (27) . Though monomeric, ONC also evades tight binding by RI (28) . ONC retains the elements of tertiary structure that characterize pancreatic-type ribonucleases, but its surface loops are truncated severely compared with their counterparts in RNase A and ANG. Further, the majority of RNase A and ANG residues that contact RI are replaced by dissimilar residues in ONC.
We have directly investigated the relationship between RI inhibition of ribonucleases and ribonuclease cytotoxicity. Specifically, we reasoned that RNase A could be endowed with a cytotoxic activity by specifically decreasing its susceptibility to inactivation by RI. We created two RI-evasive RNase A variants by incorporating amino acid residues that introduce steric and electrostatic strain into the RI⅐RNase A complex. As anticipated, these variants are toxic to a transformed cell line. Our data indicate that ribonuclease cytotoxicity is a direct consequence of an enzyme's ability to overcome inhibition by RI. Design of Ribonuclease Variants. Our goal was to alter RNase A so as to perturb only its interaction with RI. We selected target residues in RNase A based on the following criteria. First, the residue must either form a hydrogen bond with RI or make van der Waals contacts (Ͻ4 Å) with RI, as defined in the structure of the crystalline pRI⅐RNase A complex (Fig. 1 A; refs. 17 and 18). Because of the high sequence identity between pRI and hRI, it is likely that such contacts are preserved in the hRI⅐RNase A complex. Second, the target residues must not be in the RNase A active site. Ribonucleolytic activity is requisite for ribonuclease cytotoxicity (7, 30, 31) . Consequently, any amino acid change that diminishes catalytic activity is likely to also reduce cytotoxicity. Third, the target residues must be solvent exposed and confined to the surface loops of RNase A. Substitutions in the enzymic core could decrease the stability of the native three-dimensional structure. Three RNase A target residues were selected ( Fig. 1 A) :
MATERIALS AND METHODS

Materials
Asp-38 forms a salt bridge with Arg-453 of pRI. In addition, Asp-38 makes van der Waals contacts with Ile-455 of pRI.
Gly-88 lies within a hydrophobic region of pRI defined by Trp-257, Trp-259, and Trp-314 (Fig. 1B) . Gly-88 makes one atom-to-atom contact with Trp-257 and six atom-to-atom contacts with Trp-259.
Ala-109 contributes to a hydrophobic pocket that is occupied by Tyr-433 of pRI. The residues make two atom-to-atom contacts in the pRI⅐RNase A crystal structure.
Initially, we replaced target residues in RNase A with arginine to yield D38R RNase A, G88R RNase A, and A109R RNase A. The arginine side chain is the second largest (van der Waals volume: 148 Å 3 ) and most polar of all amino acid side chains (32) . Its ␦-guanido group is hydrated extensively when exposed to solvent, and this hydration shell significantly increases the effective size of the side chain. Thus, to form the inhibitor⅐enzyme complex, RI must accommodate the polarity and size of the arginine side chain. In an attempt to perturb further the interaction with RI, we combined the changes in single variants to yield two double variants: D38R͞G88R RNase A and G88R͞ A109R RNase A.
We also replaced Gly-88 with an aspartate residue to yield G88D RNase A. The aspartate side chain is the second most polar amino acid side chain (32) . Like the ␦-guanido group of arginine, the ␤-carboxylate group of aspartate is hydrated extensively when solvent exposed. In contrast to arginine, the aspartate side chain is anionic and small (van der Waals volume: 91 Å 3 ). Finally, we replaced Trp-264 of hRI with an alanine residue. As first proposed by Crick (33), receptor-ligand interactions can resemble ''knobs-into-holes.'' Trp-264 is homologous to Trp-259 of pRI and is in the hydrophobic pocket that surrounds Gly-88 in the RI⅐RNase A complex (Fig. 1B) . By making the W264A variant of hRI, we created a ''hole'' that could better accommodate an RNase A variant with a ''knob'' at position 88. The relative ability of W264A hRI to inhibit G88R RNase A and G88D RNase A thus could provide new information on the RI⅐RNase A complex.
Production of Ribonucleases. Plasmid pBXR (34) directs the expression of RNase A in E. coli. Oligonucleotide-mediated site-directed mutagenesis (35) of plasmid pBXR was used to replace Asp-38, Gly-88, and Ala-109 with arginine residues, and to replace Gly-88 with an aspartate residue.
A cDNA that codes for Met(Ϫ1)͞M23L ONC was a generous gift of R. J. Youle (National Institute of Neurological Disorders and Stroke, National Institutes of Health) (28) . This cDNA was modified to produce ONC that is identical to the native protein isolated from frog. The ONC cDNA was amplified with the PCR such that the product has a 5Ј blunt end and a 3Ј SalI site downstream from the termination codon. The PCR product was inserted into pET22B(ϩ) by using the MscI and SalI sites. Site-directed mutagenesis was used to restore the methionine residue at position 23. The resulting plasmid, pONC, carries a cDNA coding for the wild-type ONC in-frame with the pelB signal sequence.
The RNase A variants and ONC were produced and purified by methods described previously (36) , with the following modifications. A culture of E. coli strain BL21(DE3), transformed with the appropriate plasmid, was grown to an OD of 1.6-2.0 at 600 nm in terrific broth medium. Expression was induced by the addition (to 0.5 mM) of isopropyl-1-thio-␤-D-galactopyranoside, and cells were collected 3-4 h after induction. After cell lysis with a French pressure cell, inclusion bodies were recovered by centrifugation and resuspended in a solution of 20 mM Tris⅐HCl buffer, pH 8.0, containing 7 M guanidine-HCl, 10 mM DTT, and 10 mM EDTA. The inclusion bodies were solubilized and denatured by stirring at room temperature under N 2 (g) for 2 h. The protein solution then was diluted 10-fold with 20 mM acetic acid (AcOH), centrifuged to remove precipitant, and dialyzed overnight versus 20 mM AcOH. Material that precipitated during dialysis was removed by centrifugation. Refolding of RNase A and ONC was initiated by diluting the supernatant rapidly to a protein concentration of Ϸ0.5 mg͞ml in 0.10 M Tris-AcOH buffer, pH 8.0, containing 0.10 M NaCl, 3.0 mM reduced glutathione, and 0.6 mM oxidized glutathione. D38R RNase A, G88R RNase A, G88D RNase A, A109R RNase A, D38R͞G88R RNase A, and G88R͞A109R RNase A were refolded by rapid dilution to a protein concentration of Ϸ0.25 mg͞ml in 0.10 M Tris-AcOH buffer, pH 8.0, containing 0.5 M L-arginine (to prevent protein aggregation), 3.0 mM reduced glutathione, and 0.6 mM oxidized glutathione at 10°C. Samples were concentrated by ultrafiltration with a YM10 membrane (10,000 M r cut-off; Amicon) and applied to a Superdex G-75 gel filtration FPLC column (Pharmacia) in 50 mM sodium acetate buffer, pH 5.0, containing NaCl (0.10 M) and NaN 3 (0.02% wt͞vol). Protein from the major peak was collected, concentrated by ultrafiltration, dialyzed versus 50 mM Hepes-HCl buffer, pH 8.0, and applied to a Mono S cation exchange FPLC column (Pharmacia). Ribonucleases were eluted from the column with a linear gradient of NaCl (0.2-0.4 M) in 50 mM Hepes-HCl buffer, pH 8.0. Protein concentrations were determined by UV spectroscopy using extinction coefficients of 278 ϭ 0.72 mg ml Ϫ1 ⅐cm Ϫ1 for RNase A (37) and its variants and 280 ϭ 0.87 mg ml Ϫ1 ⅐cm Ϫ1 for ONC. The extinction coefficient for ONC was calculated with the method of Pace and coworkers (38) .
Production of Ribonuclease Inhibitor. A cDNA that codes for hRI was a generous gift of Promega. This cDNA was inserted into the pET22b(ϩ) expression vector between the EcoRI and SphI sites to give plasmid pET-RI. Oligonucleotide-mediated sitedirected mutagenesis (35) of plasmid pET-RI was used to replace Trp-264 with an alanine residue. A culture of E. coli strain BL21(DE3), transformed with the appropriate plasmid, was grown in terrific broth medium to OD of 1.0 at 600 nm. Expression then was induced by the addition (to 0.5 mM) of isopropyl-1-thio-␤-D-galactopyranoside. After an additional 4 h of growth, cells were collected by centrifugation and resuspended in 10 mM potassium phosphate buffer, pH 7.5, containing 0.15 M NaCl, 1 mM EDTA, 1 mM phenylmethanesulfonyl fluoride, and 10 mM DTT. Cells were lysed by two passes through a French pressure cell. Insoluble debris was removed by centrifugation. The remaining steps of the purification, including RNase A-affinity chromatography, were performed as described (39, 40) . After elution from the RNase A-affinity column, the hRI was transferred by ultrafiltration to 0.10 M Mes-NaOH buffer, pH 6.0, containing 0.10 M NaCl and 10 mM DTT. The resulting solution was stored in a sealed vial at 4°C. The molar concentration of active wild-type hRI or W264A hRI was measured by titration against a known concentration of RNase A (41), with remaining ribonucleolytic activity monitored by using poly(C) as a substrate (see below).
Thermal Stability Assays. Because cytotoxicity is assessed by prolonged incubation of ribonucleases at physiological temperature, it is important to establish that the RNase A variants retain adequate thermal stability. Thermal stabilities of the variants were measured by monitoring the change in absorbance at 287 nm (A 287 ) with increasing temperature (42) . The temperature of the ribonuclease solutions (0.1-0.2 mg͞ml in PBS) was increased from 25°C to 80°C in 1°C increments. The A 287 was recorded after a 6-min equilibration at each temperature.
Attempting to measure the thermal stability of ONC with UV spectroscopy yielded uninterpretable thermal denaturation curves. Consequently, the thermal stability of ONC was determined by using CD spectroscopy to monitor the change in molar ellipticity at 204 nM ([⌰] 204 ) with increasing temperature. The temperature of an ONC solution (0.2 mg͞ml in PBS) was increased from 50°C to 104°C in 2°C increments. The [⌰] 204 was recorded after a 2.5-min equilibration at each temperature.
UV and CD data were fitted to a two-state model for denaturation, and these fits were used to determine values of the midpoint of the thermal denaturation curve (T m ).
Ribonuclease Inhibitor Binding Assays. The RNase A variants were screened initially for ribonucleolytic activity in the presence of hRI by using an agarose gel-based assay (24, 43) . Briefly, 10 ng of ribonuclease was added to a reaction mixture containing 50 mM Tris⅐HCl buffer, pH 7.4, containing DTT (10 mM), 16S-and 23S-rRNA (4 g), and recombinant wild-type hRI (0, 20, or 40 units, where one unit of hRI is defined as the amount of hRI required to inhibit the ribonucleolytic activity of 5 ng of RNase A by 50%). Each mixture (10 l) was incubated for 10 min at 37°C. The assays then were stopped by the addition of 2 l of loading buffer, which was 10 mM Tris⅐HCl buffer, pH 7.5, containing 50 mM EDTA, glycerol (30% vol͞vol), xylene cyanol FF (0.25% wt͞vol), and bromophenol blue (0.25% wt͞vol), and subjected to electrophoresis through a NuSieve agarose gel (1.5% wt͞vol) containing ethidium bromide (0.4 g͞ml). This same assay was performed with W254A hRI (20 units).
Values of K i for the hRI⅐G88R RNase A and the hRI⅐G88D RNase A interactions were determined by measuring the steady-state rate of poly(C) cleavage in the presence of hRI. Reactions were performed at 25°C in Mes-NaOH buffer, pH 6.0, containing 0.10 M NaCl, 50 pM enzyme, and 61-69 M poly(C). Eight hRI concentrations (25 pM-2.5 nM) were used to determine the value of 
where v o is the rate of poly(C) cleavage in the absence of RI, v s is the steady-state rate, x is the concentration of active hRI, and E t is the concentration of ribonuclease. Steady-State Kinetics Assays. Polymeric RNA is hypochromic. The ability of a ribonuclease to catalyze the cleavage of poly(C) ( ϭ 6,200 M Ϫ1 ⅐cm Ϫ1 per nucleotide at 268 nm) was monitored by the increase in UV absorption (⌬ ϭ 2,380 M Ϫ1 ⅐cm Ϫ1 at 250 nm) (45) . Assays were performed at 25°C in 0.10 M Mes-NaOH buffer, pH 6.0, containing NaCl (0.10 M), poly(C) (5 M to 1.5 mM), and enzyme (2.5 nM for an RNase A variant; 1.5 M for ONC). Initial velocity data were used to calculate values of k cat and k cat ͞K m with the program HYPERO (46) . Cytotoxicity Assays. Cytotoxicity assays were conducted with K-562 cells, which are from a continuous human erythroleukemia line. K-562 cells were maintained at 37°C in a humidified atmosphere containing CO 2 (g; 5% vol͞vol). Culture medium was RPMI 1640 medium supplemented with fetal bovine serum (10% vol͞vol), penicillin (100 units͞ml), and streptomycin (100 g͞ml). Cytotoxicity was evaluated by measuring [methyl-3 H]thymidine incorporation into newly synthesized DNA, as described previously (8, 31, 43, 47) . Briefly, aliquots (95 l) of cultured K-562 cells (5 ϫ 10 4 cells͞ml) were placed in a microtiterplate, and sterile solutions (5 l) of ribonucleases in PBS were added to the aliquots. Cells were incubated in the presence of ribonucleases for 44 h, followed by a 4-h pulse with [methyl-3 H]thymidine (0.20 Ci per well). Cells then were harvested onto glass fiber filters by using a PHD cell harvester (Cambridge Technology; Watertown, MA) and lysed by the passage of several milliliters of water through the filters. DNA and other cellular macromolecules are retained by the filter; small molecules, including unincorporated label, pass through the filters. After washing extensively with water, the filters were dried with methanol and counted by using a liquid scintillation counter. Results from the cytotoxicity assays were expressed as the percentage of [methyl-3 H]thymidine incorporated into the DNA of PBS-treated control cells. Data represent the average of triplicate samples within an individual assay. All cytotoxicity assays were repeated at least three times.
RESULTS
Ribonucleases and Ribonuclease Inhibitor. RNase A, the RNase A variants, and ONC were produced in E. coli. After purification, each ribonuclease migrated as a single species of the appropriate M r during SDS͞PAGE (data not shown), indicating that the pelB signal sequence had been removed by endogenous E. coli proteases. Wild-type RNase A, G88R RNase A, and G88D RNase A had identical CD spectra (data not shown), suggesting that they had a similar tertiary structure. Previous studies had demonstrated that our purification scheme effectively removes all endotoxin from ribonuclease preparations (9) . The isolated yields for all ribonucleases were 5-50 mg per liter of E. coli culture.
ONC isolated from frog oocytes has an N-terminal pyroglutamyl residue that contributes to the structure of its active site (48) . This N-terminal pyroglutamyl residue is produced by the spontaneous cyclization of an N-terminal glutamine residue. If ONC is produced with an N-terminal methionine residue [Met(Ϫ1)], then Gln-1 cannot cyclize to form a pyroglutamate. The resulting protein [Met(Ϫ1) ONC] retains only 2% of the ribonucleolytic activity of ONC and is ineffective as a cytotoxin, despite being folded properly (48) . To overcome this limitation, a cDNA that codes for ONC was fused in-frame with the pelB signal sequence. As listed in Table 1 , catalysis of poly(C) cleavage by this recombinant ONC occurred with steady-state kinetic parameters nearly identical to those reported for ONC isolated from frog oocytes (28) . This result suggests that, after removal of the pelB signal sequence, Gln-1 did cyclize to form a pyroglutamyl residue and that the ONC described herein is identical to ONC from frog oocytes.
Wild-type hRI and W264A hRI were produced in E. coli. After purification, each hRI migrated as a single species of the appropriate M r during SDS͞PAGE (data not shown). The inhibitory activities of the purified hRIs was quantitated by titrating a sample of RNase A with the inhibitor and recording remaining enzymatic activity. The isolated yields for the two hRIs were Ϸ1.2 mg (2.6 nmol) per 4 liters of E. coli culture.
Thermal Stability. To effect a cytotoxic response, either in cell culture or in vivo, a ribonuclease must retain its native conformation for an extended time at physiological temperature. The RNase A amino acid substitutions described herein were designed to weaken the interaction between RNase A and RI without compromising the enzyme's thermal stability. As listed in Table 1 , T m values of all single variants were within 4°C of RNase A. Consequently, a shift to physiological temperature would cause inconsequential changes to the enzymes' tertiary structures.
Surprisingly, the T m of ONC was determined to be 90°C. The remarkable stability of ONC is potentially because of a disulfide bond (Cys-87-Cys-104) that tethers the C terminus to a middle strand of the antiparallel ␤-sheet (50). High thermal stability had been reported for other members of the RNase A superfamily, a ribonuclease from the liver of R. catesbeiana and ribonucleases from the oocytes of R. catesbeiana and R. japonica (51) . Like ONC, each of these ribonucleases has a C-terminal disulfide bond. Moreover, the ribonuclease from R. catesbeiana oocytes is toxic to several transformed cell lines (52) .
Binding to Ribonuclease Inhibitor. An agarose gel-based assay was used to screen for inhibition of the RNase A variants by hRI. As shown in Fig. 2 , RNase A was highly sensitive to the effects of hRI. In the absence of hRI, RNase A cleaved rRNA efficiently, producing a faint smear of low M r molecules. Addition of excess hRI protected the rRNA completely. D38R RNase A and A109R RNase A showed patterns nearly identical to that of RNase A, indicating that these variants, despite the arginine substitutions, remained highly sensitive to hRI. Thus, it appears that RNase A, hRI, or the RI⅐RNase A complex is able to accommodate an arginine residue at positions 38 or 109 and still preserve contacts that are necessary for tight binding.
In the absence of hRI, G88R RNase A and G88D RNase A displayed enzymatic activity comparable to that of RNase A. In contrast to the native enzyme, addition of excess hRI to reactions containing the Gly-88 variants did not inhibit the cleavage of rRNA. Thus, replacing Gly-88 with an arginine or aspartate residue significantly reduced the susceptibility of RNase A to hRI-mediated inactivation. The additional arginine residue in the double variants, D38R͞G88R RNase A and G88R͞A109R RNase A, did not enhance resistance to hRI (data not shown). Based on these results, subsequent characterization of the RNase A variants focused on G88R RNase A and G88D RNase A.
In the absence of hRI, ONC catalyzed rRNA cleavage. But, the cleavage products were of higher M r than those produced by RNase A. This result is consistent with ONC having a lower specific catalytic activity than RNase A. Like G88R RNase A and G88D RNase A, ONC catalyzed rRNA cleavage despite the presence of excess of hRI. Thus, ONC, G88R RNase A, and G88D RNase A are far less sensitive to the inhibitory activity of hRI than is RNase A. As listed in Table 2 , the inhibition of G88R RNase A by hRI had K i ϭ 0.41 nM. RI inhibition of G88D RNase A was more pronounced, with K i ϭ 0.052 nM. These values are 10 4 -fold and 10 3 -fold greater, respectively, than that for the pRI⅐RNase A interaction.
To explore further the interactions between hRI and RNase A near Gly-88, we created a variant of hRI in which Trp-264 is replaced by an alanine residue to yield W264A hRI. As shown in Fig. 2B , wild-type hRI and W264A hRI inhibit the ribonucleolytic activity of wild-type RNase A to a similar extent. W264A hRI is, however, a much more potent inhibitor of G88R RNase A and G88D RNase A than is wild-type hRI. Apparently, RNase A and G88R and G88D variants bind to hRI in a similar orientation. Replacing Trp-264 with an alanine residue creates a pocket that is able to accommodate the side chain of an arginine or aspartate residue, thereby relieving the steric strain that weakens binding to wild-type hRI. Thus, the behavior of residue 88 of RNase A and residue 264 of RI is consistent with the ''knobs-into-holes'' model of receptor-ligand interaction (33) .
Steady-State Kinetics. Several studies had shown that the biological activities of ribonucleases, including ONC cytotoxicity, rely on the enzymes' catalytic activity (31, 53) . The results of the agarose gel-based assays showed that all of the ribonucleases were active catalysts (Fig. 2) and that G88R RNase A, G88D RNase A, and ONC evaded inhibition by hRI. We evaluated the ribonucleolytic activity of these latter enzymes in detail.
G88R RNase A and G88D RNase A were found to be efficient catalysts of RNA cleavage (Table 1) . Their k cat values did not deviate significantly from that of RNase A, and their k cat ͞K m values were lower by only 2-fold. These high levels of ribonucleolytic activity indicate that the active-site structures and catalytic mechanisms of the RNase A variants were similar to those of RNase A. Moreover, because G88R RNase A and G88D RNase A are thermally stable, the enzymes likely maintain a high level of ribonucleolytic activity at physiological temperature.
ONC was found to be a relatively inefficient catalyst of RNA cleavage. The values of k cat and k cat ͞K m for ONC were 10 4 -fold lower than those of RNase A (Table 1 ). This lower catalytic activity is caused, in part, by differences in substrate preference. When assayed for the cleavage of a polymeric substrate, ONC shows a 25-fold preference for poly(uridylic acid) over poly(C) (28) . RNase A activity, however, is maximal when assayed for the cleavage of poly(C) (54) .
Cytotoxicity. Our hypothesis is that overcoming inhibition by RI is central to ribonuclease cytotoxicity. Accordingly, the increased K i values for G88R RNase A and G88D RNase A interactions should be manifested as a cytotoxic activity. The ability of G88R RNase A and G88D RNase A to kill mammalian cells was assessed by measuring [methyl-3 H]thymidine incorporation into cellular DNA after a 44-h incubation with the ribonucleases. As shown in Fig. 3 and listed in Table 2 , ONC is a potent cytotoxin with IC 50 Х 0.5 M. This value is similar to that reported by Youle and coworkers, who measured [ 35 S]methionine incorporation into cellular proteins to assess ONC toxicity to K-562 cells (55) . Like ONC, G88R RNase A has a pronounced effect on K-562 cell viability. The IC 50 value of G88R RNase A (IC 50 Х 7 M) was Ϸ10-fold greater than that of ONC. The additional arginine residue in D38R͞G88R RNase A and G88R͞ A109R RNase A did not enhance the cytotoxic potency of G88R RNase A (data not shown). Like the G88R enzyme, G88D RNase A inhibited K-562 cell viability, with an IC 50 value (IC 50 ϭ 30 M) that was Ϸ5-fold greater than that of G88R RNase A. At concentrations used in this assay, RNase A had no measurable effect on K-562 cell viability. The IC 50 values determined for ONC, G88R RNase A, and G88D RNase A varied by Յ30% in three distinct assays (data not shown).
DISCUSSION
Attributes of a Cytotoxic Ribonuclease. A ribonuclease must have several properties to be cytotoxic. First, its structure must be stable at physiological temperature. Otherwise, the ribonuclease would be an inactive catalyst as well as a target for proteolysis. The values of T m for G88R RNase A, G88D RNase A, and ONC indicate that each of these enzymes retains its native structure during a cytotoxicity assay (Table 1) .
Second, a ribonuclease must be an active catalyst. Cytotoxic ribonucleases effect cell death by catalyzing the cleavage of cellular RNA (24, 53, 56) . G88R RNase A and G88D RNase A are equally efficient catalysts of RNA cleavage (Table 1 ). Yet, G88R RNase A is a significantly more potent cytotoxin than is G88D RNase A. Moreover, both RNase A variants are more Third, a ribonuclease must evade RI. As the inhibition constant (K i ) for a ribonuclease decreases, the IC 50 value for cytotoxicity increases ( Table 2) . Should a tight-binding ribonuclease such as RNase A reach the cytosol, it would be inactivated rapidly by endogenous RI. In contrast, cytotoxic ribonucleases, such as ONC, G88R RNase A, and G88D RNase A, resist inactivation by RI. These ribonucleases then catalyze the degradation of cellular RNA, ultimately causing cell death.
An important conclusion from our data is that wild-type RNase A has all of the properties necessary to be cytotoxic, except for resistance to RI. In other words, ONC is not unique; other monomeric homologs of RNase A can be endowed with potent cytotoxic activity. Other data support this conclusion. For example, monomeric BS-RNase, which is 80% identical to RNase A, is not cytotoxic. Carboxymethylation of Cys-31 in monomeric C32S BS-RNase (to give MCM31) or Cys-32 in monomeric C31S BS-RNase (to give MCM32) diminishes affinity for RI (43) . Moreover, MCM31 and MCM32 are aspermatogenic to mice.
Replacing residues 1-9 of human pancreatic ribonuclease with the corresponding residues of ONC decreases the K i of RI by 28-fold (28) . In the presence of retinoic acid, this hybrid ribonuclease is toxic to U251 cells. Under the same conditions, human pancreatic ribonuclease does not affect cell viability. These results add further support to the proposal that ribonuclease susceptibility to RI defines the cytotoxic potential of a ribonuclease.
The cytotoxic potency of a ribonuclease correlates with the presence of ribonucleolytic activity in the cytosol. RI constitutes Ϸ0.01% of the cytosolic protein in a typical mammalian cell (10, 11) . By using this value and data on the volume and composition of the cytosol (57), we estimate that the cytosolic concentration of RI is near 10 Ϫ6 M. Thus, any ribonuclease with K i Ͼ 10 Ϫ6 M would be largely free (not bound by RI) in the cytosol. The K i value of ONC is in that range (28) , but those of G88R RNase A and G88D RNase A are not ( Table 2 ). The RNase A variants could compensate for being more susceptible to RI by being better catalysts of RNA degradation (Table 1) . Alternatively, K-562 cells could have an unusually low concentration of RI. As a consequence, the K i values for G88R RNase A and G88D RNase A could approach the RI concentration. Nonetheless, the concentration of cytosolic RI in K-562 cells is sufficient to fully protect these cells from high doses of RNase A (Fig. 3) .
Prospectus. Ribonucleases have much potential as chemotherapeutics. For example, ONC presently is undergoing phase III human clinical trials for the treatment of malignant mesothelioma. Here, we have used rational design to weaken the interaction between RI and RNase A. The consequence of the amino acid substitutions at Gly-88 is a pronounced cytotoxicity to a human leukemic cell line. Because RNase A is a mammalian protein and ONC is an amphibian protein, a chemotherapeutic based on RNase A is likely to be less immunogenic and thus more efficacious than is ONC. Finally, appropriate substitutions to the surface loop containing residue 88 in human pancreatic ribonuclease could endow that enzyme with potent cytotoxicity.
